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1
PLASMA CVD APPARATUS, METHOD FOR
FORMING MICROCRYSTALLINE
SEMICONDUCTOR FILM AND METHOD
FOR MANUFACTURING SEMICONDUCTOR
DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

Anembodiment of the present invention relates to a plasma
CVD apparatus for forming a semiconductor film. Further, an
embodiment of the present invention relates to a method for
forming a crystalline semiconductor film using a vapor depo-
sition method and a method for manufacturing a semiconduc-
tor device including the crystalline semiconductor film.

2. Description of the Related Art

In a technical field of thin film transistors, a plasma chemi-
cal vapor deposition (plasma CVD) method which is used for
formation of a semiconductor film is employed, and various
improvements have been attempted to manufacture products
with higher yields.

For example, an electrode structure of a plasma CVD appa-
ratus is disclosed where an electrode for generating plasma in
a reaction chamber is provided with cylindrical recessed por-
tions and the cylindrical recessed portions are connected to
each other through a groove which is narrower than the diam-
eter of the cylindrical recessed portion (see Patent Document
D).

In addition, disclosed is a gas diffuser plate (a so-called
shower plate) having a gas flow path, the diameter, depth, and
surface area of which gradually increase toward an edge
portion from a center portion, for dispersing gas in a treatment
chamber and forming films uniform in thickness and charac-
teristics (see Patent Document 2). As another example, dis-
closed is a technique for forming a film under the following
conditions for forming higher quality films more efficiently: a
ladder-like electrode is used; an ultra high-frequency power
of' 100 MHz is supplied with a gas pressure of 400 Pa; and a
film formation rate is set to 2 nm/second with a distance of 6
mm between the ladder-like electrode and a substrate (see
Patent Document 3).

REFERENCES

[Patent Document 1] Japanese Published Patent Application
No. 2004-296526

[Patent Document 2] Japanese Published Patent Application
No. 2005-328021

[Patent Document 3] Japanese Published Patent Application
No. 2005-259853

SUMMARY OF THE INVENTION

However, a conventional plasma CVD apparatus has a
structural defect in which an electric field is locally concen-
trated and therefore has not been able to form a dense micro-
crystalline semiconductor film. That is, a recessed portion or
a projected portion is provided on a surface of a flat-plate
electrode, whereby an electric field has been concentrated at
a corner of the recessed portion or the projected portion.
Therefore, a reactive gas reacts intensely in a region where an
electric field is concentrated, and particles which are abnor-
mally grown through reaction in a gas phase are included in a
deposited film. Accordingly, a dense semiconductor film has
not been able to be formed.

In view of the circumstances described above, an object of
an embodiment of the invention disclosed in this specification
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is to provide the structure of a plasma CVD apparatus for
forming a dense semiconductor film. In addition, another
object of an embodiment of the invention disclosed in this
specification is to provide a technique for forming a dense
crystalline semiconductor film (e.g., a microcrystalline semi-
conductor film) without a cavity between crystal grains.

An embodiment of the present invention is a plasma CVD
apparatus including an electrode supplied with electric power
for generating plasma in a reaction chamber of the plasma
CVD apparatus. This electrode has a common plane on a
surface opposite to a substrate, and the common plane is
provided with depressed openings. Gas supply ports are pro-
vided on the bottom of the depressed openings or on the
common plane of the electrode. The depressed openings are
provided in isolation from one another.

The depressed openings provided on the electrode, have
the effect of increasing plasma density in the vicinity of the
depressed openings. It is preferable that the opening end of
the depressed opening have a smooth curved shape without a
sharp end face. In other words, the depressed opening which
is provided for the electrode preferably has a shape such that
generation of a high-electric field is prevented at the corner of
the opening end of the depressed opening, while plasma
density is increased in a portion where the gas supply port
exists. For example, it is preferable that a structure body of the
depressed opening has a tapered shape and be chamfered.

Further, the opening end of the depressed opening has a
shape such that an electric field is relaxed even in the case
where predetermined amount of electric power for generating
plasma is applied in a reaction chamber. For example, the
corner between the sidewall of the depressed opening and a
surface of the electrode (common plane) has a smooth curved
shape without a sharp end face. Furthermore, the depressed
opening may have a trumpet shape (a folding-fan shape) such
that the depth which is narrow when seen from the common
plane widens toward the opening end. That is, the cross-
sectional shape of the depressed opening may be the shape in
which the curvature radius changes continuously.

The depressed opening in the electrode has an aperture and
a depth such that plasma can enter. Needless to say, the
optimal values for the aperture and the depth of the opening
vary depending on film-formation conditions, that is, the
pressure for generating glow discharge plasma, a mean free
path of a gas, and electric power. However, in order to
increase the electron density and decrease the electron tem-
perature, the pressure is set to greater than or equal to 450 Pa
and less than or equal to 13332 Pa, preferably, greater than or
equal to 450 Pa and less than or equal to 2000 Pa, more
preferably greater than or equal to 500 Pa and less than or
equal to 1500 Pa. In that case, the aperture of the opening is
roughly set at greater than or equal to 2 mm and less than or
equal to 20 mm; the depth, appropriately greater than or equal
to 2 mm and less than or equal to 20 mm, preferably, 4 mm to
12 mm; and the distance between electrodes, greater than or
equal to 1 mm and less than or equal to 20 mm, preferably 4
mm to 16 mm.

A high-density plasma region is formed in the vicinity of
the gas supply port of the electrode supplied with electric
power for generating plasma, and the reactive gas is supplied
to the region, whereby decomposition of the reactive gas is
promoted, and reaction of a deposition precursor (also
referred to as nanocrystal) in a gas phase is increased. In order
to promote such an effect, the electrode may be provided with
a heating unit for encouraging the decomposition of the reac-
tive gas.

In addition, an embodiment of the present invention is a
method in which a high-density plasma region is formed in
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the vicinity of a gas supply port, through which a reactive gas
is supplied to a reaction chamber, and in which a crystal of a
semiconductor is grown in a gas phase including the high-
density plasma region and depositing the crystal as a film.

It is preferable to increase a reaction pressure and reduce a
distance between electrodes in order to grow a crystal of a
semiconductor in a gas phase. As the reaction pressure is
higher, there is an increase in the probability of collision
reaction between radicals generated by glow discharge and
between the radical and a reaction gas molecule. By reducing
the distance between electrodes, a crystalline deposition pre-
cursor is made to reach to a deposition surface of a substrate
before being enlarged, and the crystalline deposition precur-
sor becomes a crystal nucleus on the deposition surface.
Accordingly, the crystal nucleus is grown, whereby a semi-
conductor film having a dense crystallinity (microcrystalline
semiconductor film) can be formed. Then, the crystalline
deposition precursor is generated in a gas phase, whereby a
semiconductor film having favorable crystallinity can be
formed from the early stage of deposition.

An embodiment of the present invention is a method in
which a high-density plasma region is formed in the vicinity
of'the common plane so as to form a film over a substrate by
introducing a reactive gas in a reactive chamber so that the
pressure of the reactive chamber is set to greater than or equal
to 450 Pa and less than or equal to 13332 Pa, preferably,
greater than or equal to 450 Pa and less than or equal to 2000
Pa, and supplying high-frequency power of 60 MHz or less to
an electrode having depressed openings opposite to the elec-
trode where the substrate over which a film is to formed is
mounted. A deposition precursor is generated in such a man-
ner that the reactive gas is supplied through the gas supply
ports which are provided on the common plane of the elec-
trode or the depressed openings thereof so that the reactive
gas flows into a high-density plasma region. The deposition
precursor is formed on a surface of the substrate to be depos-
ited, whereby a crystal nucleus of greater than or equal to 5
nm and less than or equal to 15 nm is formed and a crystal is
grown from the crystal nucleus. In that case, it is preferable
that the distance between a pair of electrodes be greater than
or equal to 1 mm and less than or equal to 20 mm, preferably
greater than or equal to 4 mm and less than or equal to 16 mm,
and a structure body of the depressed opening have a tapered
shape and be chamfered so that overconcentration of an elec-
tric field does not occur.

In addition, it is preferable to add a rare gas to the reactive
gas. The rare gas introduced into the reaction chamber
together with the reactive gas has the effect of reducing an
electron temperature and increasing electron density. Accord-
ingly, the amount of the generated radicals is increased, a film
formation rate is improved, crystallinity of a microcrystalline
semiconductor film is improved, and thus the microcrystal-
line semiconductor film is densified. In order to obtain such
an effect, it is necessary to excite the rare gas so as to be placed
in a metastable state and therefore it is necessary to apply an
electric field sufficient for generating excited species of the
rare gas or for ionization of the rare gas. For example, when
argon is added as the rare gas in addition to a silane gas and a
hydrogen gas which are reactive gases, a hydrogen radical
increases in number and crystallinity of a microcrystalline
semiconductor film can be improved.

In addition, a structure body is provided on a surface of a
flat-plate electrode and the structure body has a shape with a
curved surface at the corner, whereby a high-density plasma
region can be formed without concentration of an electric
field at the corner. The reactive gas supplied through the gas
supply port is made to flow into the high-density plasma
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region, whereby a deposition precursor can be generated in a
gas phase, and the reaction can be promoted.

Moreover, collision between deposition precursors which
has become nanocrystals does not occur by reducing a dis-
tance between the electrodes; thus, an amorphous component
is not easily generated.

By using the electrodes having the above structure, the
number of amorphous components included in a deposited
microcrystalline semiconductor film can be reduced; thus, a
dense microcrystalline semiconductor film can be formed.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings:

FIGS. 1A and 1B illustrate a method for forming a micro-
crystalline semiconductor film.

FIG. 2 illustrates an example of a plasma CVD apparatus.

FIGS. 3A and 3B illustrate a shape of an upper electrode of
the plasma CVD apparatus.

FIGS. 4A and 4B illustrate a shape of an upper electrode of
the plasma CVD apparatus.

FIGS. 5A and 5B each illustrate a shape of an upper elec-
trode of the plasma CVD apparatus.

FIGS. 6A and 6B illustrate a shape of an upper electrode of
the plasma CVD apparatus.

FIG. 7 illustrates an example of a film formation apparatus.

FIGS. 8A to 8D illustrate intensities of plasma in the
plasma CVD apparatus.

FIGS. 9A and 9B illustrate a shape of an upper electrode of
the plasma CVD apparatus.

FIGS. 10A to 10C each illustrate a structure of a thin film
transistor.

FIG. 11 illustrates a display device.

FIG. 12 illustrates a display device.

FIGS. 13A to 13D each illustrate an electronic device to
which a thin film transistor is applied.

FIGS. 14A to 14D illustrate a method for manufacturing a
photoelectric conversion device.

FIG. 15 illustrates the method for manufacturing the pho-
toelectric conversion device.

FIG. 16 illustrates a structure of a solar photovoltaic sys-
tem.

FIGS. 17A and 17B each illustrate a shape of an upper
electrode of a plasma CVD apparatus.

FIGS. 18A and 18B each show time average potential
distribution in accordance with the shape of the upper elec-
trode of the plasma CVD apparatus.

FIGS. 19A and 19B each show distribution of silane den-
sity in accordance with the shape of the upper electrode of the
plasma CVD apparatus.

DETAILED DESCRIPTION OF THE INVENTION

Hereinafter, embodiments of the present invention will be
described in detail with reference to the accompanying draw-
ings. However, the present invention is not limited to the
following description and it is easily understood by those
skilled in the art that the mode and details can be variously
changed without departing from the scope and spirit of the
present invention. Accordingly, the present invention should
not be construed as being limited to the description of the
embodiments below. In describing structures of the present
invention with reference to the drawings, the same reference
numerals are used in common for the same portions in differ-
ent drawings. The same hatching pattern is applied to similar
parts, and the similar parts are not especially denoted by
reference numerals in some cases. Note that the size, the layer



US 9,177,761 B2

5

thickness, or the region of each structure illustrated in each
drawing is exaggerated for clarity in some cases. Therefore,
the present invention is not necessarily limited to such scales
illustrated in the drawings.

Embodiment 1

In this embodiment, a method for forming a microcrystal-
line semiconductor film having high crystallinity is described
with reference to FIGS. 1A and 1B, FI1G. 2, FIGS. 3A and 3B,
FIGS. 4A and 4B, FIGS. 5A and 5B, FIGS. 6A and 6B, FIG.
7, FIGS. 8A to 8D, FIGS. 17A and 17B, FIGS. 18A and 18B,
and FIGS. 19A and 19B.

As illustrated in FIG. 1A, in a method for forming a micro-
crystalline semiconductor film shown in this embodiment,
deposition precursors 43 are formed in a gas phase, the depo-
sition precursors 43 are deposited over a base film 42 which is
formed over a substrate 40, and crystal nuclei 44 are formed.
Next, as illustrated in FIG. 1B, a microcrystalline semicon-
ductor film is formed over the crystal nuclei 44, whereby
crystals are grown using the crystal nuclei 44 as nuclei so that
a microcrystalline semiconductor film 46 can be formed.

The deposition precursor 43 is formed through reaction of
electrons and a source gas in plasma. The pressure in a film
formation chamber can be higher than a film formation pres-
sure 300 Pa for a conventional microcrystalline semiconduc-
tor film, which is typically greater than or equal to 450 Pa and
less than or equal to 13332 Pa, preferably, greater than or
equal to 450 Pa and less than or equal to 2000 Pa, more
preferably, greater than or equal to 500 Pa and less than or
equal to 1500 Pa. The deposition precursor, the size of which
is several nanometers, is successively reacted with a plurality
of radicals; therefore, it can also be said that the deposition
precursor is a higher-order radical (SiH,,), (n=1, 2, 3) which s
somewhat well ordered. In the case where the source gas is a
deposition gas containing silicon or germanium, the deposi-
tion precursor 43 is formed using silicon, germanium, or
silicon germanium. Therefore, the deposition precursors 43
deposited over the base film 42 become the crystal nuclei 44.
Alternatively, the deposition precursors 43 deposited over the
base film 42, which are combined with an active radical which
is released in plasma, become the crystal nuclei 44. The
crystal nuclei 44, the size of which is Snmto 15 nm inclusive,
are well ordered because, in a crystal grain, a crystallite which
is a fine crystal that can be considered as a single crystal is
included. Accordingly, when the active radicals which are
released in plasma reach to the crystal nuclei 44, crystals are
grown using the crystal nuclei 44 as nuclei; therefore, the
microcrystalline semiconductor film 46 having high crystal-
linity can be formed from the interface between the base film
and the crystal nuclei.

In this embodiment, the crystal nuclei 44 can be deposited
densely over the base film 42 in such a manner that the
pressure of a film formation chamber is set to higher than the
film formation pressure of the conventional microcrystalline
semiconductor film, which is typically greater than or equal to
450 Pa and less than or equal to 13332 Pa, preferably, greater
than or equal to 450 Pa and less than or equal to 2000 Pa, more
preferably, greater than or equal to 500 Pa and less than or
equal to 1500 Pa. That is, the adjacent crystal nuclei 44 which
are in close contact can be deposited over the base film 42.
Accordingly, when crystals are grown using the crystal nuclei
44 as nuclei, crystal grains become dense, and an amorphous
semiconductor and a low-concentration region between the
crystal grains are reduced; therefore, the microcrystalline
semiconductor film 46 having high crystallinity can be
formed.
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Note that the base film 42 is a film having a surface over
which the microcrystalline semiconductor film 46 is formed.
The substrate 40 and the base film 42 can be used as appro-
priate.

Here, a plasma CVD apparatus capable of forming the
deposition precursors 43 and the crystal nuclei 44 which are
characteristics of this embodiment is described with refer-
enceto FIG. 2, FIGS. 3A and 3B, FIGS. 4A and 4B, FIGS. 5A
and 5B, FIGS. 6A and 6B, FIG. 7, and FIGS. 8A to 8D.

FIG. 2 illustrates a structure of a plasma CVD apparatus. A
reaction chamber 1005 is formed using a stiff material such as
aluminum or stainless steel and has a structure in which the
inside of the reaction chamber 1005 can be vacuum-evacu-
ated. The reaction chamber 1005 in this embodiment is
formed using stainless steel in order to increase its mechani-
cal strength, and the inside thereof is coated with aluminum
by thermal spraying. In addition, it is preferable that the
reaction chamber of the plasma CVD apparatus in this
embodiment can be disassembled for maintenance and that
the inside of the reaction chamber 1005 be regularly recoated
with aluminum by thermal spraying. The reaction chamber
1005 is provided with a first electrode 101 (also referred to as
an upper electrode) and a second electrode 102 (also referred
to as a lower electrode) which is opposite to the first electrode
101.

A high-frequency power supply unit 103 is connected to
the first electrode 101. The second electrode 102 is grounded,
and the substrate 40 can be placed on the second electrode
102. The first electrode 101 is insulated from the reaction
chamber 1005 by an insulating material 116 so that high-
frequency power does not leak. In the case where, for
example, a ceramic material is used for the insulating material
116, it is difficult to use a knife-edge-type metal-seal flange
for sealing of the upper electrode and thus, an O-ring seal is
preferably used.

Although the first electrode 101 and the second electrode
102 have a capacitively coupled (parallel plate) structure in
FIG. 2, an embodiment of the present invention is not limited
thereto. Another structure such as an inductively coupled
structure or the like may be employed as long as the structure
can generate glow discharge plasma in the reaction chamber
1004 by supplying high-frequency power.

The first electrode 101 is an electrode that is projected and
depressed by having projected portions 141 and depressed
portions 143 arranged regularly, preferably at regular inter-
vals. That is, the depressed portions 143 which are opening
portions of depressions are arranged regularly, preferably at
regular intervals on a common plane opposite to the second
electrode. Further, gas supply ports of hollow portions 144
connected to a gas supply unit 108 are provided in the
depressed portions 143 of the first electrode 101. Here, the
region having the gas supply port near a surface of the second
electrode 102 is regarded as the projected portion 141, and the
region having the gas supply port distant from the surface of
the second electrode 102 is regarded as the depressed portion
143.

Thehollow portions 144 are connected to the cylinder 110a
of'the gas supply unit 108 via the gas line 146, which is filled
with a deposition gas containing silicon or germanium.

The gas supply unit 108 includes a cylinder 110 filled with
gases, a pressure adjusting valve 111, a stop valve 112, a mass
flow controller 113, and the like. Further, the gas supply unit
108 includes the cylinder 110¢ filled with a deposition gas
containing silicon or germanium, a cylinder 1105 filled with
hydrogen, and a cylinder 110c¢ filled with a diluent gas. Note
that the cylinder 110c¢ filled with the diluent gas is provided
here; however, it is not necessarily required.
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As examples of the deposition gas containing silicon or
germanium, which fills the cylinder 110a, a silane (SiH,) gas,
a disilane (Si,Hg) gas, a germane (GeH,) gas, a digermane
(Ge,Hy) gas, and the like are given; however, any other depo-
sition gas may be used.

As the diluent gas, which fills the cylinder 110c¢, a rare gas
such as argon, xenon, or krypton is given.

A substrate heater 114, a temperature of which is con-
trolled by a heater controller 115, is provided in the second
electrode 102. In the case where the substrate heater 114 is
provided inside the second electrode 102, a thermal conduc-
tion heating method is employed. For example, the substrate
heater 114 may include a sheathed heater.

The high-frequency power supply unit 103 includes a high-
frequency power source 104, a matching box 106, and a
high-frequency cut filter 129. High-frequency power sup-
plied from the high-frequency power source 104 is supplied
to the first electrode 101.

The high-frequency power source 104 supplies high-fre-
quency power at a frequency of 60 MHz or less. In the case
where a large substrate of the seventh or later generation is
used as a substrate placed on the second electrode 102, the
high-frequency power source 104 preferably supplies high-
frequency power at a wavelength of approximately 10 m or
more. Typically, high-frequency power at a frequency of
13.56 MHz or less, for example, from 3 MHz to 13.56 MHz
inclusive, is preferably supplied. When the high-frequency
power source 104 supplies high-frequency power at a fre-
quency in the above range, even if a large substrate of the
seventh or later generation is placed on the second electrode
102 and glow discharging is performed, plasma can be gen-
erated uniformly without the adverse eftect of a surface stand-
ing wave; therefore, a film which is uniform and has good film
quality can be formed over an entire surface even in the case
of the large substrate.

In addition, when high-frequency power source with a
frequency of 13.56 MHz is used for the high-frequency power
source 104, a variable capacitor with a capacitance of 10 pF to
100 pF is used for the high-frequency cut filter 129.

By furtherusing a coil for the high-frequency cut filter 129,
aparallel resonance circuit using a coil and a variable capaci-
tor may be formed.

An evacuation unit 109 connected to the reaction chamber
1005 has a function of vacuum evacuation and a function of
controlling the inside of the reaction chamber 1004 to be kept
at a predetermined pressure in the case where a reactive gas is
supplied. The evacuation unit 109 includes butterfly valves
117 and 118, stop valves 119 to 124, turbo molecular pumps
125 and 126, a dry pump 127, and the like. The turbo molecu-
lar pump 126 is connected to the dry pump 127 through the
stop valve 124.

In the case where the reaction chamber 1005 is vacuum
evacuated, first, the stop valve 119 and the stop valve 121 for
rough vacuum are opened and the reaction chamber 1005 is
evacuated with the dry pump 127. Then, the stop valve 119 is
closed and the butterfly valve 117 and the stop valve 120 are
opened for vacuum evacuation. In the case where ultrahigh
vacuum evacuation is performed to obtain a pressure lower
than 107> Pa in the reaction chamber 1005, the reaction cham-
ber 1005 is evacuated with the dry pump, the butterfly valve
117 and the stop valves 120 and 121 are closed, the butterfly
valve 118 and the stop valves 122 to 124 are opened, and then
vacuum evacuation is performed using the turbo molecular
pumps 125 and 126 and the dry pump 127 which are con-
nected in series. In addition, after the vacuum evacuation is
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performed, the reaction chamber 10056 is preferably subjected
to heat treatment so that degassing of the inner wall is per-
formed.

A distance (also referred to as a gap) between the first
electrode 101 and the second electrode 102 can be adjusted as
appropriate. The gap between the electrodes can be adjusted
in such a manner that the height of the second electrode 102
is changed in the reaction chamber 1005. By using a bellows
107, the gap between the electrodes can be adjusted with the
reaction chamber 1005 maintained in a vacuum.

Here, examples of the shape of the first electrode 101 are
described with reference to FIGS. 3A and 3B and FIGS. 4A
and 4B. FIG. 3A and FIG. 4A are plan views of the first
electrode 101 seen from the second electrode 102 side. FIGS.
3B and 4B are cross-sectional views taken along line A-B in
FIG. 3A and FIG. 4A. Note that in FIG. 3A and FIG. 4A,
regions which are projected to the second electrode 102 side
(that is, projected portions) are shown by a wide hatch pattern,
and regions which are depressed (that is, depressed portions)
are shown by a narrow hatch pattern for clear illustration of
the state of the projection and depression.

As illustrated in FIGS. 3A and 3B, the gas supply ports of
the hollow portions 144 formed in the depressed portions 143
are provided regularly, preferably at regular intervals. The gas
supply ports of the hollow portions 144 are provided in the
depressed portions 143. The bottom of the plurality of
depressed portions 143 are separated from one another, and
the projected portions 141 form a continuous plane (common
plane). Here, the depressed portions 143 each have the shape
of a truncated quadrangular pyramid. Note that the shape of
the depressed portions 143 is not limited thereto and may be
a truncated triangular pyramid, a truncated pentagonal pyra-
mid, a truncated hexagonal pyramid, or any other truncated
polygonal pyramid as appropriate. Preferably, an edge and a
corner of the depressed portion 143 are roundly chamfered to
form a truncated polygonal pyramid with the corners
rounded. When the edges and corners of the projected portion
141 and the depressed portion 143 are roundly chamfered,
overconcentration of an electric field can be reduced. Accord-
ingly, local arc discharge can be suppressed, leading to less
generation of particles.

As illustrated in FIGS. 4A and 4B, the depressed portion
143 may alternatively have the shape of a truncated cone.
Further, the gas supply ports of the hollow portions 144 are
provided in the depressed portions 143. Note that it is pref-
erable that the edge of the depressed portion 143 be roundly
chamfered to form a truncated cone with the corners rounded.
When the edges and corners of the projected portions 141 and
the depressed portions 143 are roundly chamfered, overcon-
centration of an electric field can be reduced. Accordingly,
local arc discharge can be suppressed, leading to less genera-
tion of particles.

Although the depressed portions 143 each have the shape
of'the polygonal pyramid or a truncated cone with the corners
rounded in FIGS. 3A and 3B and FIGS. 4A and 4B, the edge
and corner of the truncated polygonal pyramid or truncated
cone can be chamfered without being rounded as illustrated in
FIG. 5A. Typically, the depressed portion 143 can be tapered
and a corner 151 can be chamfered. Further, the projected
portion 141 can be tapered and a corner 153 can be cham-
fered. When each of the cross sections is tapered in the pro-
jected portion 141 and the depressed portion 143, concentra-
tion of an electric field at these portions can be reduced,
leading to less generation of particles.

Further, in the depressed portion 143 illustrated in FIGS.
3A and 3B and FIGS. 4A and 4B, an edge 155 or a corner in
the periphery of the gas supply port of the hollow portion 144
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may be rounded as illustrated in FIG. 5B. The periphery of the
gas supply port of the hollow portion 144 may be chamfered,
although not illustrated. Accordingly, concentration of an
electric field in the periphery of the gas supply port can be
reduced, leading to less generation of particles.

Further, as illustrated in FIGS. 6A and 6B, a flat portion is
not necessarily formed in the depressed portion 143. Specifi-
cally, the depressed portion 143 may have a shape that is
formed by a side surface of the projected portion 141 and the
gas supply port of the hollow portion 144.

Here, a cross-sectional shape of the first electrode 101 and
electric field intensity are described using FIGS. 8A to 8D.
FIGS. 8A and 8B each show the cross-sectional shape of the
first electrode 101 used for calculation. FIGS. 8C and 8D each
show the electric field intensity calculated with an electric
field simulator.

FIG. 8A illustrates the shape (first shape) in which a side
surface of the projected portion of the first electrode 101 is
perpendicular to a surface of the depressed portion. FIG. 8B
illustrates the shape (second shape) in which the cross-sec-
tional shape of the projected portion of the first electrode 101
is tapered: when the angle between the side surface of the
projected portion of the first electrode 101 and the extended
line of the surface of the depressed portion in the projected
portion is 6 and the angle between a surface of an apex and
side surface of the projected portion is y, 0 is less than 90° and
vy is more than 90°. In the case where the cross section of the
projected portion is tapered (in the case of FIG. 8B), the
cross-sectional area monotonically decreases toward the
apex.

In FIG. 8A, the depth of the depressed portion, d1, is 40
mm, the distance between adjacent projected portions, d2, is
20 mm, and the distance between the first electrode 101 and
the second electrode 102, d3, is 20 mm.

In FIG. 8B, the depth of the depressed portion, d4, is 40
mm, the distance between the apexes of adjacent projected
portions on the second electrode 102 side, d5, is 60 mm, and
the distance between the first electrode 101 and the second
electrode 102, d6, is 20 mm. Note that the diameter of the
plane on the depressed portion where the gas supply ports are
formed, d7, is 20 mm. Further, the curvature radius of the
edge and corner of the projected portion, R, is 10 mm.

Table 1 shows the results of calculation of the electric field
intensities in the vicinity of the gas supply port, A, the vicinity
of the center of the depressed portion, B, the vicinity of the
second electrode 102 on the depressed portion side, C, and the
close vicinity of the projected portion in the first electrode
101, D, which are illustrated in each of FIGS. 8A and 8B. In
Table 1, the electric field intensity in the vicinity of the pro-
jected portion in the first electrode 101 illustrated in FIG. 8A,
which is denoted by D, is set to 1, and the electric field
intensities in the other regions are normalized. At this time,
the frequency of power supplied to the first electrode 101 is
13.56 MHz.

TABLE 1
A B C D
First Shape 0.0006 0.01 0.6 1
Second Shape 0.01 0.1 0.6 0.9

FIG. 8C shows distribution of the electric field intensities
calculated using the first electrode of FIG. 8 A. FIG. 8D shows
distribution of the electric field intensities calculated using
the first electrode of FIG. 8B.
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In FIG. 8C, regions 181 having an extremely low electric
field are formed in the vicinity of the surfaces of the depressed
portion between the adjacent projected portions (the vicinity
of A), while regions 185 having a high electric field are
formed between the projected portion and plasma 187 (the
vicinity of the projected portion of the first electrode 101 (the
vicinity of D)).

In contrast, regions 191 having a moderated electric field
are formed in the depressed portions and regions 193 having
a moderate electric field are formed in the vicinity of the side
surfaces of the apexes of the adjacent projected portions in
FIG. 8D, because the more electromagnetic waves pass
through up to the surface of the depressed portion as the taper
angle 6 decreases.

Comparison between FIGS. 8C and 8D indicates that the
shape of the first electrode illustrated in FIG. 8B allows a
decrease in the electric field at the apex of the projected
portion, especially at the edge and corner of the projected
portion, thereby reducing plasma damage to the surface ofthe
substrate and reducing generation of particles which is caused
by arc discharge.

Next, cross-sectional shapes of the first electrode 101, a
plasma potential, distribution of silane density, and a genera-
tion rate of silane are described with reference to FIGS. 17A
and 17B, 18A and 18B, and 19A and 19B. Here, the calcula-
tion was performed using multi-physics analysis software,
(CFD-ACE+) developed by CFD Research Corporation.

FIGS. 17A and 17B illustrate models that were used for the
calculation. In FIG. 17A, a depressed portion of the first
electrode 101 is a column shape, and in FIG. 17B, the
depressed portion of the first electrode 101 is a truncated
conical shape.

In FIG. 17A, the distance between the first electrode 101
and the second electrode 102, d1, is set to be 8 mm, the depth
of'the depressed portion (that is the height of the column), d2,
is set to be 15 mm, and the distance between the adjacent
projected portions, d3, is set to be 4 mm.

In FIG. 17B, the distance between the first electrode 101
and the second electrode 102, d4, is set to be 8 mm, the depth
of the depressed portion (that is the height of the truncated
cone), d5, is set to be 15 mm, and the distance between the
apexes of the adjacent projected portions in the second elec-
trode 102 (that is a base diameter of the truncated cone), d6,
is set to be 11.6 mm. Note that the width of a plane surface
where a gas supply port is formed in the depressed portion
(that is, a top diameter of the truncated cone), d7, is set to be
4 mm.

FIGS. 18A and 18B show time average potential distribu-
tion obtained by the calculation on the assumption that hydro-
gen and silane are introduced at flow rates of 15 sccm and 0.1
sccm, respectively, into a reaction chamber of the plasma
CVD apparatus including the first electrode 101 and the sec-
ond electrode 102 in FIGS. 17A and 17B, the pressure is set
to 1000 Pa, the temperature of the hydrogen and the silane are
set to 250° C., and high-frequency power at a frequency of
13.56 MHz (voltage amplitude is 200V) is supplied. Further,
FIGS. 19A and 19B show distribution of silane density
obtained by the same calculation.

FIGS. 18A and 18B respectively show the time average
potential distribution in FIGS. 17A and 17B using contour
lines. It is apparent that higher potential is distributed in the
entire depressed portions of the first electrode in FIG. 18B as
compared to FIG. 18A.

FIGS. 19A and 19B respectively illustrate the distribution
of'silane density in FIGS. 17A and 17B using contour lines. It
is apparent that the distribution of silane density is decreased
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in the entire depressed portions of the first electrode in FIG.
19B as compared to FIG. 19A.

According to FIGS. 19A and 19B, it is observed that
decomposition of silane is advanced, and SiH; that is an
active radical is increased by forming the depressed portionto
have the shape of a truncated cone. As a result, the active
radicals are reacted with one another, and the deposition
precursor 43 is easily formed as illustrated in FIG. 1A.

FIG. 7 is a schematic diagram illustrating one mode of a
multi-chamber plasma CVD apparatus provided with a plu-
rality of reaction chambers. This apparatus is provided with a
common chamber 130, a load/unload chamber 131, a first
reaction chamber 100a, a second reaction chamber 1005, a
third reaction chamber 100¢, and a fourth reaction chamber
100d. This multi-chamber plasma CVD apparatus is a single-
wafer processing type in which a substrate set in a cassette in
the load/unload chamber 131 is carried in and out of each
reaction chamber by a transport mechanism 134 of the com-
mon chamber 130. A gate valve 133 is provided between the
common chamber 130 and each reaction chamber so that
treatments conducted in the reaction chambers do not inter-
fere with each other.

The reaction chambers are separately used for forming
different kinds of thin films. Needless to say, the number of
the reaction chambers is not limited to four and may be
increased or decreased as needed. One film may be formed in
one reaction chamber, or a plurality of films may be formed in
one reaction chamber.

The evacuation unit 109 is connected to each reaction
chamber. The evacuation unit is not limited to a combination
of'the vacuum pumps illustrated in FIGS. 2 and 7 and another
vacuum pump can be used as long as evacuation can be
performed to a degree of vacuum within the range of approxi-
mately 107> Pato 107" Pa.

In addition to a drypump 136, a cryopump 135 that can
perform ultra-high vacuum evacuation may be connected to
the load/unload chamber 131. By using the cryopump 135,
the load/unload chamber 131 can be evacuated to an ultra-
high vacuum of a pressure of lower than 10> Pa, and the
concentration of an impurity contained in a film deposited on
a substrate in the reaction chamber can be reduced. Further,
the pumping speed of the cryopump 135 is higher than that of
either the turbo molecular pump or the dry pump; therefore,
by connecting the cryopump 135 to the load/unload chamber
131 that is opened and closed frequently, the throughput can
be increased.

The gas supply unit 108 includes a cylinder 110 filled with
gases, a pressure adjusting valve 111, a stop valve 112, amass
flow controller 113, and the like. Although not shown here,
the cylinder filled with gases includes a cylinder filled with a
deposition gas containing silicon or germanium, a cylinder
filled with hydrogen, a cylinder filled with a dilution gas, a
cylinder filled with a reactive gas (an oxidizing gas, a nitrid-
ing gas, a halogen gas, or the like), a cylinder filled with a gas
containing an impurity element imparting one conductivity
type, and the like.

Each reaction chamber is connected to a high-frequency
electric power supplying unit for generating plasma. The
high-frequency electric power supplying unit includes at least
the high-frequency power source 104 and the matching box
106.

Each reaction chamber can be used for a different purpose
depending on the kinds of thin films to be formed. Since each
thin film has an optimum temperature for formation, the
reaction chambers are provided separately, so that formation
temperatures of films to be formed can be easily controlled.
Further, the same kind of films can be formed repeatedly, so
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that an influence of residual impurities due to a film which has
been formed can be eliminated.

Inthereaction chamber 1005 of the plasma CVD apparatus
illustrated in FIG. 2, mean free paths of an electron and a
molecule become short, a probability that an electron collides
with a gas molecule in plasma is increased, and a reaction
probability is increased in the following manner: the pressure
of the film formation chamber is set higher than the film
formation pressure of the conventional microcrystalline
semiconductor film, which is typically greater than or equal to
450 Pa and less than or equal to 13332 Pa, preferably, greater
than or equal to 450 Pa and less than or equal to 2000 Pa, more
preferably, greater than or equal to 500 Pa and less than or
equal to 1500 Pa; and hydrogen and a deposition gas contain-
ing silicon or germanium is introduced into the reaction
chamber as a source gas to supply high-frequency power to
the first electrode 101 so that glow discharge is generated.
Therefore, an active radical is easily generated in plasma. In
particular, short-life active radicals are generated in a region
where plasma density is high and are reacted in a gas phase,
whereby nuclei are formed. When nuclei are formed, succes-
sive reaction proceeds in a gas phase that promotes a deposi-
tion precursor of nanometer size. Such discharge at a pressure
higher than the film formation pressure of the conventional
microcrystalline semiconductor film is easily generated in the
case where a distance between the first electrode 101 and the
second electrode 102 is short, which is typically greater than
or equal to 4 mm and less than or equal to 16 mm, preferably,
greater than or equal to 5 mm and less than or equal to 10 mm.
Note that, here, the distance between the first electrode 101
and the second electrode 102 refers to an interval between a
projected portion 141 of the first electrode 101 and the second
electrode 102.

When the nucleus of the deposition precursor is generated,
an active radical adheres to the nucleus and the deposition
precursor is grown. A radical necessary for generation of a
nucleus is consumed when the nucleus is grown; therefore,
generation of another nucleus is suppressed. Thus, as well as
the pressure of the reaction chamber, time of supplying elec-
tric power (e.g., a pulse width and a pulse repetition rate in
pulse wave power) to the first electrode 101, a gas flow rate,
and exhaust velocity of gas are controlled, whereby the size
and the generation amount of the deposition precursors can be
controlled.

Further, the first electrode 101 includes the projected por-
tion 141 and the depressed portion 143, a high-density plasma
region can be formed at the apex of the projected portion 141.
Therefore, reactivity is increased in the high-density plasma
region, and the generation of a nucleus and a deposition
precursor can be promoted.

The composition of a deposition precursor can be con-
trolled by selecting the gas to be supplied because radicals
generated in plasma are different depending on kinds of gas.
Therefore, a deposition precursor having a multilayer struc-
ture can also be generated by changing the kind of deposition
gas during growth of a deposition precursor. Note that in the
case of a deposition gas containing silicon or germanium as a
source gas, a deposition precursor is formed using silicon,
germanium, or silicon germanium.

Since the deposition precursor is likely to be charged nega-
tively in plasma, the deposition precursor has a property in
which cohesion of the deposition precursors are suppressed
by Coulomb force. Therefore, in accordance with this
embodiment, a deposition precursor which is substantially
monodispersed can be obtained with high density.

In the deposition precursor, temperature as well as kinds of
radical that contributes to growth is important for the struc-
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ture thereof. The temperature of the deposition precursor is
determined under the influence of the following: incident ions
on a surface thereof (a surface of the deposition precursor),
kinetic energy of electrons, or release or absorption of energy
due to chemical reaction on the surface, heating or cooling
due to collision of molecules of a neutral gas, or the like.

For example, in the case where a deposition precursor of
silicon is generated, a crystalline structure can be obtained by
diluting silane (SiH,) with hydrogen. It is considered that this
mechanism is similar to that of surface reaction that occurs in
the case where a microcrystalline silicon film is deposited,
and that reaction between hydrogen and a radical which is
generated by dissociation of silane is mainly contributed to
generation of the deposition precursor of silicon, which has a
crystalline structure.

Accordingly, well-ordered deposition precursors which
are formed in a gas phase are deposited over a surface of a
substrate to be crystal nuclei so that the crystal nuclei can be
used as nuclei of crystal growth over the substrate. In addi-
tion, a crystalline deposition precursor can be included in a
film to be deposited. Further, when a microcrystalline semi-
conductor film is deposited over crystal nuclei, crystals are
grown from an interface between a base film and crystal
nuclei using well-ordered crystal nuclei as nuclei. Therefore,
amicrocrystalline semiconductor film having high crystallin-
ity can be formed from the interface between a base film and
the microcrystalline semiconductor film. Furthermore, gen-
eration rate of a deposition precursor is increased when the
pressure of the film formation chamber is set to higher than
the film formation pressure of the conventional microcrystal-
line semiconductor film, which is typically greater than or
equal to 450 Pa and less than or equal to 13332 Pa, preferably,
greater than or equal to 450 Pa and less than or equal to 2000
Pa, more preferably, greater than or equal to 500 Pa and less
than or equal to 1500 Pa, and a high-density plasma region is
formed in the vicinity of the projected portions. Accordingly,
the adjacent crystal nuclei 44 which are in close contact can
be deposited over the base film 42, and an amorphous semi-
conductor and a low-concentration region (also referred to as
a cavity) between the crystal grains are reduced; therefore, the
film formation rate of the microcrystalline semiconductor
film having high crystallinity can be improved.

Embodiment 2

In this embodiment, one mode of the shape of the first
electrode 101 is described with reference to FIGS. 9A and 9B.
FIG. 9A is aplan view of the first electrode 101 seen from the
second electrode 102 side. FIG. 9B is a cross-sectional view
taken along A-B in FIG. 9A. Note that in FIG. 9A, regions
which are projected to the second electrode side (that is,
projected portions) are shown by a wide hatch pattern and
regions which are depressed (that is, depressed portions) are
shown by a narrow hatch pattern for clear illustration of the
state of the projection and depression.

As illustrated in FIGS. 9A and 9B, gas supply ports of
hollow portions 142 formed on the common plane are pro-
vided regularly, preferably at regular intervals. Further, the
gas supply ports of the hollow portions 142 are provided in the
projected portions 141. The plurality of depressed portions
143 are separated from one another, and the projected por-
tions 141 form a continuous plane (common plane). Here, the
depressed portions 143 each have the shape of a truncated
quadrangular pyramid. Note that the shape of the depressed
portions 143 is not limited thereto and may be a truncated
triangular pyramid, a truncated pentagonal pyramid, a trun-
cated hexagonal pyramid, or any other truncated polygonal
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pyramid as appropriate. Preferably, the edge and corner of the
depressed portion 143 are chamfered to form a truncated
polygonal pyramid with the corners rounded. The edge of the
depressed portion 143 is preferably chamfered to form a
truncated cone with the corners rounded. By chamfering the
rounded portions of the edges and corners of the depressed
portions 143, overconcentration of an electric field can be
reduced. Accordingly, local arc discharge can be suppressed,
leading to less generation of particles.

Since the high-density plasma region is formed in the apex
of'the projected portion 141 by glow discharge, reaction of the
source gas introduced into the reaction chamber through the
gas supply port of the projected portion 141 is further pro-
moted. Accordingly, generation of the deposition precursor
43 proceeds, whereby a larger number of crystal nuclei 44 can
be densely deposited over the base film.

Embodiment 3

In this embodiment, a method for forming a microcrystal-
line semiconductor film having much higher crystallinity
than the microcrystalline semiconductor films in Embodi-
ments 1 and 2 is described.

In this embodiment, as a source gas of the deposition
precursor 43 and the microcrystalline semiconductor film 46
in FIGS. 1A and 1B, a rare gas such as argon, xenon, or
krypton is used in addition to hydrogen and a deposition gas
containing silicon or germanium.

Electron density and the amount of hydrogen radicals in
plasma are increased by using a rare gas such as argon, xenon,
or krypton, as a source gas, which has low excitation energy
and has metastable energy close to dissociation energy of
silane and hydrogen. Further, because electron temperature is
lowered, potential difference in plasma is reduced and dam-
age to the microcrystalline semiconductor film is reduced,
whereby the microcrystalline semiconductor film 46 having
high crystallinity is formed. By using a rare gas as the source
gas, plasma is stabilized, dissociation of hydrogen and the
deposition gas containing silicon or germanium is promoted,
and the amount of active radicals is increased. Therefore,
reaction between the active radicals is promoted and a gen-
eration rate of the deposition precursor 43 and a film-forma-
tion rate of the microcrystalline semiconductor film 46 are
increased. Further, as the deposition rate is increased, the
deposition time of the microcrystalline semiconductor film
46 is shortened and the amount of impurities in a reaction
chamber taken in the microcrystalline semiconductor film 46
during deposition is reduced. Consequently, the amount of
impurities included in the microcrystalline semiconductor
film 46 is reduced, whereby crystallinity of the microcrystal-
line semiconductor film 46 can be enhanced.

Embodiment 4

In this embodiment, structures of thin film transistors each
having a microcrystalline semiconductor film formed by any
of the methods described in Embodiments 1 to 3 is described
with reference to FIGS. 10A to 10C.

A microcrystalline semiconductor film formed by any of
the methods described in Embodiments 1 to 3 can be used as
a channel formation region in a thin film transistor. Although
the microcrystalline semiconductor film can be used in both a
bottom gate thin film transistor and a top gate thin film tran-
sistor, the microcrystalline semiconductor film can improve
characteristics of the bottom gate thin film transistor particu-
larly. Here, typical structures of the bottom gate thin film
transistors are described with reference to FIGS. 10A to 10C.
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A thin film transistor illustrated in FIG. 10A is a channel
etched thin film transistor. A gate electrode 203 is formed over
a substrate 201 and an insulating film 204 is formed to cover
the substrate 201 and the gate electrode 203. A microcrystal-
line semiconductor film 207 is formed over the gate insulating
film 204. A pair of impurity semiconductor films 209 is
formed over the microcrystalline semiconductor film 207. A
pair of wirings 211 is formed to be in contact with the pair of
impurity semiconductor films 209. By forming the microc-
rystalline semiconductor film 207 using the microcrystalline
semiconductor films described in any of Embodiments 1 to 3,
the channel formation region can be formed using a microc-
rystalline semiconductor film having high crystallinity. Fur-
ther, crystal grains in the microcrystalline semiconductor film
formed according to any of Embodiments 1 to 3 are adjacent
to each other and the contact area between the crystal grains
is large, so that carriers in the channel formation region can
easily move; thus, on current and field-effect mobility of the
thin film transistor can be increased.

As the substrate 201, a glass substrate, a ceramic substrate,
a plastic substrate that has high heat resistance enough to
withstand a process temperature of this manufacturing pro-
cess, or the like can be used. In the case where the substrate
does not need a light-transmitting property, a metal substrate,
such as a stainless steel alloy substrate, provided with an
insulating film on its surface may be used. As a glass sub-
strate, an alkali-free glass substrate formed using barium
borosilicate glass, aluminoborosilicate glass, aluminosilicate
glass, or the like may be used. Further, as the glass substrate
201, a glass substrate having any of the following sizes can be
used: the 3rd generation (550 mmx650 mm), the 3.5th gen-
eration (600 mmx720 mm or 620 mmx750 mm), the 4th
generation (680 mmx880 mm or 730 mmx920 mm), the 5th
generation (1100 mmx1300 mm), the 6th generation (1500
mmx 1850 mm), the 7th generation (1870 mmx2200 mm), the
8th generation (2200 mmx2400 mm), the 9th generation
(2400 mmx2800 mm or 2450 mmx3050 mm), and the 10th
generation (2950 mmx3400 mm).

The gate electrode 203 can be formed with a single layer or
a stacked layer using a metal material such as molybdenum,
titanium, chromium, tantalum, tungsten, aluminum, copper,
neodymium, or scandium or an alloy material which contains
any of these metal materials as its main component. Alterna-
tively, a semiconductor film typified by polycrystalline sili-
con doped with an impurity element such as phosphorus, or
an AgPdCu alloy may be used.

As a two-layer structure for the gate electrode 203, a two-
layer structure in which a molybdenum film is stacked over an
aluminum film, a two-layer structure in which a molybdenum
film is stacked over a copper film, a two-layer structure in
which a titanium nitride film or a tantalum nitride film is
stacked over a copper film, or a two-layer structure in which
a titanium nitride film and a molybdenum film are stacked is
preferable. As a three-layer structure for the gate electrode
203, a stack structure of a tungsten film or a tungsten nitride
film, a layer of an alloy of aluminum and silicon or an alloy of
aluminum and titanium, and a titanium nitride film or a tita-
nium film is preferable. When a metal film functioning as a
barrier film is stacked over a film with low electric resistance,
electric resistance can be low and diffusion of'a metal element
from the metal film into the semiconductor film can be pre-
vented.

In order to improve adhesion between the gate electrode
203 and the substrate 201, a film of a nitride of any of the
aforementioned metal materials may be provided between the
substrate 201 and the gate electrode 203.
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The gate insulating film 204 can be formed with a single
layer or a stacked layer using any of a silicon oxide film, a
silicon nitride film, a silicon oxynitride film, and a silicon
nitride oxide film.

In this specification, silicon oxynitride contains more oxy-
gen than nitrogen, and in the case where measurements are
performed using Rutherford backscattering spectrometry
(RBS) and hydrogen forward scattering (HFS), silicon oxyni-
tride preferably contains oxygen, nitrogen, silicon, and
hydrogen as composition ranging from 50 at. % to 70 at. %,
0.5 at. % to 15 at. %, 25 at. % to 35 at. %, and 0.1 at. % to 10
at. %, respectively. Further, silicon nitride oxide contains
more nitrogen than oxygen, and in the case where measure-
ments are conducted using RBS and HFS, silicon nitride
oxide preferably contains oxygen, nitrogen, silicon, and
hydrogen as composition ranging from 5 at. % to 30 at. %, 20
at. % to 55 at. %, 25 at. % to 35 at. %, and 10 at. % to 30 at.
%, respectively. Note that percentages of nitrogen, oxygen,
silicon, and hydrogen fall within the ranges given above,
where the total number of atoms contained in the silicon
oxynitride or the silicon nitride oxide is defined as 100 at. %.

The microcrystalline semiconductor film 207 is typically
formed using a microcrystalline silicon film, a microcrystal-
line silicon germanium film, a microcrystalline germanium
film, or the like. Alternatively, a microcrystalline silicon film
containing phosphorus, arsenic, or antimony, a microcrystal-
line silicon germanium film containing phosphorus, arsenic,
or antimony, a microcrystalline germanium film containing
phosphorus, arsenic, or antimony, or the like may be used.
Note that boron may be added to the microcrystalline semi-
conductor film 207 in order to control a threshold voltage of
the thin film transistor.

A microcrystalline semiconductor included in the microc-
rystalline semiconductor film is a semiconductor having a
crystal structure (including a single crystal and a polycrystal).
A microcrystalline semiconductor is a semiconductor having
a third state that is stable in terms of free energy and is a
crystalline semiconductor having short-range order and lat-
tice distortion, in which columnar, conical, or pyramidal crys-
tals having a grain size of 2 nm to 200 nm inclusive, prefer-
ably, 10 nm to 80 nm inclusive, more preferably, 20 nm to 50
nm inclusive have grown in a normal direction with respect to
a substrate surface. Therefore, a crystal grain boundary is
formed at the interface of the columnar, conical, or pyramidal
crystals in some cases.

Microcrystalline silicon which is a typical example of the
microcrystalline semiconductor has a peak of Raman spec-
trum which is shifted to a lower wave number than 520 cm™*
that represents single crystal silicon. That is, the peak of the
Raman spectrum of the microcrystalline silicon exists
between 520 cm™' which represents single crystal silicon and
480 cm™" which represents amorphous silicon. The microc-
rystalline semiconductor may contain hydrogen or halogen of
at least 1 at. % or more to terminate a dangling bond. More-
over, a rare gas element such as helium, neon, argon, krypton,
or xenon may be contained to further promote lattice distor-
tion, so that stability of the structure of minute crystals is
enhanced and a favorable microcrystalline semiconductor
can be obtained. Such a microcrystalline semiconductor is
disclosed in, for example, U.S. Pat. No. 4,409,134.

The concentrations of oxygen and nitrogen contained in
the microcrystalline semiconductor film which are measured
by secondary ion mass spectrometry are set to less than
1x10*® atoms/cm®, which is preferable since the crystallinity
of the microcrystalline semiconductor film 207 can be
increased.
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In the case of an n-channel thin film transistor, the impurity
semiconductor film 209 is formed using amorphous silicon to
which phosphorus is added or microcrystalline silicon to
which phosphorus is added. In the case of a p-channel thin
film transistor, the impurity semiconductor film 209 is formed
using amorphous silicon to which boron is added or microc-
rystalline silicon to which boron is added.

The wirings 211 can be formed as a single layer or a stacked
layer using any of aluminum, copper, titanium, neodymium,
scandium, molybdenum, chromium, tantalum, tungsten, and
the like. Alternatively, an aluminum alloy to which an element
for preventing a hillock is added (e.g., an aluminum-neody-
mium alloy which can be used for the gate electrode 203) may
be used. The wirings 211 may also have a stack structure in
which a film that is in contact with the impurity semiconduc-
tor film 209 is formed using titanium, tantalum, molybde-
num, or tungsten, or nitride of any of these elements and
aluminum or an aluminum alloy is formed thereover. Further-
more, a stacked layer structure may also be employed in
which upper and lower surfaces of aluminum or an aluminum
alloy may each be covered with titanium, tantalum, molyb-
denum, tungsten, or nitride of any of these elements.

A thin film transistor illustrated in FIG. 10B is a channel
stop thin film transistor. The gate electrode 203 is formed over
the substrate 201, and the gate insulating film 204 is formed to
cover the substrate 201 and the gate electrode 203. A micro-
crystalline semiconductor film 221 is formed over the gate
insulating film 204. A channel protective film 223 is formed
over the microcrystalline semiconductor film 221. A pair of
impurity semiconductor films 225 is formed over the micro-
crystalline semiconductor film 221 and the channel protective
film 223. A pair of wirings 227 is formed to be in contact with
the pair of impurity semiconductor films 225. By forming the
microcrystalline semiconductor film 221 using any of the
methods for forming a microcrystalline semiconductor film
described in Embodiments 1 to 3, the channel formation
region can be formed using a microcrystalline semiconductor
film having high crystallinity. Crystal grains in the microc-
rystalline semiconductor film formed according to any of
Embodiments 1 to 3 are adjacent to each other and the contact
area between the crystal grains is large, so that carriers in the
channel formation region can easily move; thus, on current
and field-effect mobility of the thin film transistor can be
increased.

The channel protective film 223 can be formed in a manner
the same as or similar to that of the gate insulating film 204.
Alternatively, a polyimide, an epoxy resin, an acrylic resin, or
another organic insulating film can be used to form the chan-
nel protective film 223.

The pair of impurity semiconductor films 225 can be
formed using a material and a structure which are the same as
or similar to those of the pair of impurity semiconductor films
209 illustrated in FIG. 10A.

The pair of wirings 227 can be formed using a material and
a structure which are the same as or similar to those of the pair
of wirings 211 illustrated in FIG. 10A.

A channel protective thin film transistor is formed using the
microcrystalline semiconductor film described in any of
Embodiments 1 to 3 for a channel formation region and
includes the channel protective film, so that on current and
field-effect mobility of the thin film transistor can be
increased while off current is reduced.

A thin film transistor illustrated in FIG. 10C is a channel
etched thin film transistor and includes an amorphous semi-
conductor film 235 between a microcrystalline semiconduc-
tor film 231 and a pair of impurity semiconductor films 237,
which is different from the structures of FIGS. 10A and 10B.
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The gate electrode 203 is formed over the substrate 201,
and the gate insulating film 204 is formed to cover the sub-
strate 201 and the gate electrode 203. The microcrystalline
semiconductor film 231 is formed over the gate insulating
film 204. An amorphous semiconductor film 235 is formed
over the microcrystalline semiconductor film 231. The pair of
impurity semiconductor films 237 is formed over the amor-
phous semiconductor film 235. A pair of wirings 239 is
formed to be in contact with the pair of the impurity semi-
conductor films 237. By forming the microcrystalline semi-
conductor film 231 using the any of the methods for forming
a microcrystalline semiconductor film described in Embodi-
ments 1 to 3, the channel formation region can be formed
using a microcrystalline semiconductor film having high
crystallinity. Further, crystal grains in the microcrystalline
semiconductor film formed according to any of Embodiments
1to 3 are adjacent to each other and the contact area between
the crystal grains is large, so that carriers in the channel
formation region can easily move; thus, on current and field-
effect mobility of the thin film transistor can be increased.

The amorphous semiconductor film 235 can be formed
using amorphous silicon, amorphous silicon containing nitro-
gen, amorphous silicon containing chlorine, or the like. The
amorphous semiconductor film 235 is provided between the
microcrystalline semiconductor film 231 and the pair of
impurity semiconductor films 237, so that off current of the
thin film transistor can be reduced.

As the amorphous semiconductor film 235, a semiconduc-
tor film having a peak region of a spectrum obtained by
low-temperature photoluminescence spectroscopy of 1.31
eV to 1.39 eV inclusive can be used. As the amorphous
semiconductor film 235, a semiconductor film which has a
low energy at an urbach edge measured by a constant photo-
current method (CPM) or photoluminescence spectroscopy
and a small amount of absorption spectra of defects can be
formed. That is, as compared with the conventional amor-
phous semiconductor film, the amorphous semiconductor is a
well-ordered semiconductor which has fewer defects and
whose tail of a level at a band edge in the valence band is
steep. Since the tail of the level at the band edge in the valence
band is steep in the amorphous semiconductor film, the band
gap gets wider, and tunneling current does not easily flow.
Thus, when the amorphous semiconductor film is provided on
the back channel side, on current and field-effect mobility can
be increased while off current of the thin film transistor is
reduced.

The pair of impurity semiconductor films 237 can be
formed using a material and a structure which are the same as
or similar to those of the pair of impurity semiconductor films
209 illustrated in FIG. 10A.

The pair of wirings 239 can be formed using a material and
a structure which are the same as or similar to those of the pair
of wirings 211 illustrated in FIG. 10A.

The thin film transistor illustrated in FIG. 10C is formed
using the microcrystalline semiconductor film described in
any of Embodiments 1 to 3 as a channel formation region and
includes the amorphous semiconductor film 235, so that on
current and field-effect mobility of the thin film transistor can
be increased while off current is reduced.

Embodiment 5

In this embodiment, an element substrate and a display
device including the element substrate to which the thin film
transistor described in Embodiment 4 can be applied are
described below. As examples of the display device, a liquid
crystal display device, a light-emitting display device, elec-
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tronic paper, and the like are given. The thin film transistor
described in the above embodiment can be used for an ele-
ment substrate of any other display devices. Here, a liquid
crystal display device including the thin film transistor
described in Embodiment 5, typically, a vertical alignment
(VA) mode liquid crystal display device is described with
reference to FIG. 11 and FIG. 12.

FIG. 11 illustrates a cross-sectional structure of a pixel
portion ofaliquid crystal display device. A thin film transistor
403 manufactured according to the above embodiment and a
capacitor 405 are formed over a substrate 401. Further, a pixel
electrode 409 is formed over an insulating film 408 which is
formed over the thin film transistor 403. A source or drain
electrode 407 of the thin film transistor 403 and the pixel
electrode 409 are connected to each other in an opening
formed in the insulating film 408. An alignment film 411 is
formed over the pixel electrode 409.

The capacitor 405 includes a capacitor wiring 404 which is
formed at the same time as a gate electrode 402 of the thin film
transistor 403, a gate insulating film 406, and the pixel elec-
trode 409.

A stack body including components from the substrate 401
to the alignment film 411 is referred to as an element substrate
413.

A counter substrate 421 is provided with a coloring film
425 and a light-blocking film 423 for blocking incidence of
light into the thin film transistor 403. In addition, a planariz-
ing film 427 is formed adjacent to the light-blocking film 423
and the coloring film 425. A counter electrode 429 is formed
adjacent to the planarizing film 427, and an alignment film
431 is formed adjacent to the counter electrode 429.

Note that the light-blocking film 423, the coloring film 425,
and the planarizing film 427 adjacent to the counter substrate
421 function as a color filter. Note that one of or both the
light-blocking film 423 and the planarizing film 427 are not
necessarily formed adjacent to the counter substrate 421.

The coloring film has a function of preferentially transmit-
ting light of a predetermined wavelength range, among light
of'a wavelength range of visible light. In general, a coloring
film which preferentially transmits light of a wavelength
range of red light, a coloring film which preferentially trans-
mits light of a wavelength range of blue light, and a coloring
film which preferentially transmits light of a wavelength
range of green light are combined for a color filter. However,
the combination of the coloring films is not limited to the
above combination.

The substrate 401 and the counter substrate 421 are fixed to
each other by a sealing material (not illustrated), and a liquid
crystal layer 443 fills a space surrounded by the substrate 401,
the counter substrate 421, and the sealing material. Further, a
spacer 441 is provided to keep a distance between the sub-
strate 401 and the counter substrate 421.

The pixel electrode 409, the liquid crystal layer 443, and
the counter electrode 429 are overlapped with each other,
whereby a liquid crystal element is formed.

FIG. 12 illustrates a liquid crystal display device different
from that in FIG. 11. Here, a coloring film is formed not on the
counter substrate 421 side but over a substrate 401 provided
with a thin film transistor 403.

FIG. 12 illustrates a cross-sectional structure of a pixel
portion of a liquid crystal display device. The thin film tran-
sistor 403 manufactured according to the above embodiment
and a capacitor 405 are formed over the substrate 401.

Further, a coloring film 451 is formed over the insulating
film 408 which is formed over the thin film transistor 403.
Further, a protective film 453 is formed over the coloring film
451 in order to prevent an impurity contained in the coloring
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film 451 from being mixed into a liquid crystal layer 443. A
pixel electrode 409 is formed over the coloring film 451 and
the protective film 453. As the coloring film 451, a film which
preferentially transmits light of a predetermined wavelength
range (red light, blue light, or green light) may be formed for
each pixel. Further, since the coloring film 451 also functions
as a planarizing film, uneven alignment of the liquid crystal
layer 443 can be suppressed.

A source or drain electrode 407 of the thin film transistor
403 and the pixel electrode 409 are connected to each other in
an opening formed in the insulating film 408, the coloring
film 451, and the protective film 453. An alignment film 411
is formed over the pixel electrode 409.

The capacitor 405 includes a capacitor wiring 404 which is
formed at the same time as a gate electrode 402 of the thin film
transistor 403, a gate insulating film 406, and the pixel elec-
trode 409.

A stack body including components from the substrate 401
to the alignment film 411 is referred to as an element substrate
455.

The counter substrate 421 is provided with a light-blocking
film 423 for blocking incidence of light into the thin film
transistor 403 and a planarizing film 427 covering the light-
blocking film 423 and the counter substrate 421. A counter
electrode 429 is formed adjacent to the planarizing film 427,
and an alignment film 431 is formed adjacent to the counter
electrode 429.

The pixel electrode 409, the liquid crystal layer 443, and
the counter electrode 429 are overlapped with each other,
whereby a liquid crystal element is formed.

Note that although the VA liquid crystal display device is
described here as a liquid crystal display device, the present
invention is not limited thereto. That is, an element substrate
which is formed using the thin film transistor in accordance
with Embodiment 4 can also be applied to an FFS mode liquid
crystal display device, an IPS mode liquid crystal display
device, a TN mode liquid crystal display device, and other
modes of liquid crystal display devices.

Since the thin film transistor with large on current, high
field-effect mobility, and small off current is used as a pixel
transistor in the liquid crystal display device of this embodi-
ment, image quality (e.g., contrast) of the liquid crystal dis-
play device can be improved. Further, electric characteristics
of' the thin film transistor is not degraded even when the thin
film transistor is downsized; therefore, by reducing the size of
the thin film transistor, the aperture ratio of the liquid crystal
display device can be increased. Alternatively, the area of a
pixel can be reduced, so that resolution of the liquid crystal
display device can be improved.

Further, in the liquid crystal display device illustrated in
FIG. 12, the light-blocking film 423 and the coloring film 451
are not formed over the same substrate. Therefore, misalign-
ment of a mask in formation of the coloring film 451 can be
prevented. Accordingly, the area of the light-blocking film
423 is not necessarily increased, which can increase the aper-
ture ratio of the pixel.

Embodiment 6

By being provided with a light-emitting element without
formation of the alignment film 411 and the like, the element
substrate 413 or 455 described in Embodiment 5 can be used
for a light-emitting display device or a light-emitting device.
In a light-emitting display device or a light-emitting device, a
light-emitting element utilizing electroluminescence is typi-
cally used as a light-emitting element. Light-emitting ele-
ments utilizing electroluminescence are classified according
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to whether a light-emitting material is an organic compound
or an inorganic compound. In general, the former is referred
to as organic EL elements and the latter as inorganic EL
elements.

In the light-emitting display device or the light-emitting
device of this embodiment, a thin film transistor with large
on-current, high field-effect mobility, and small off-current is
used as a pixel transistor; therefore, the light-emitting display
device or the light-emitting device can have favorable image
quality (for example, high contrast) and low power consump-
tion.

Embodiment 7

A display device including the thin film transistor accord-
ing to any of the above embodiments can be applied to a
variety of electronic devices (including an amusement
machine). Examples of the electronic devices are a television
device (also referred to as a television or a television
receiver), a monitor of a computer or the like, electronic
paper, a camera such as a digital camera or a digital video
camera, a digital photo frame, a mobile phone (also referred
to as a mobile telephone or a mobile phone device), a portable
game console, a portable information terminal, an audio
reproducing device, a large-sized game machine such as a
pachinko machine, and the like. In particular, as described in
Embodiments 5 and 6, the thin film transistor according to
any of the above embodiments can be applied to a liquid
crystal display device, a light-emitting device, an electro-
phoretic display device, or the like and thus can be used for a
display portion of an electronic device. Specific examples
will be described below.

A semiconductor device including the thin film transistor
according to any of the above embodiments can be applied to
electronic paper. Electronic paper can be used for electronic
devices of a variety of fields as long as they can display data.
For example, electronic paper can be applied to an electronic
book (e-book) device, a poster, an advertisement in a vehicle
such as a train, a digital signage, a public information display
(PID), displays of various cards such as a credit card, and the
like. Examples of such electronic devices are illustrated in
FIGS. 13A to 13D.

FIG. 13A illustrates an example of the electronic book
device. For example, the electronic book device includes two
housings, a housing 1500 and a housing 1501. The housing
1500 and the housing 1501 are combined by a hinge 1504 so
that the electronic book device can be opened and closed.
With such a structure, the electronic book device can operate
like a paper book.

A display portion 1502 and a display portion 1503 are
incorporated in the housing 1500 and the housing 1501,
respectively. The display portion 1502 and the display portion
1503 may be configured to display one image or different
images. In the case where the display portion 1502 and the
display portion 1503 display different images, for example, a
display portion on the right side (the display portion 1502 in
FIG. 13A) can display text and a display portion on the left
side (the display portion 1503 in FIG. 13A) can display
graphics.

FIG. 13A illustrates an example in which the housing 1500
is provided with an operation portion and the like. For
example, the housing 1500 is provided with a power source
1505, an operation key 1506, a speaker 1507, and the like.
With the operation key 1506, pages can be turned. Note that a
keyboard, a pointing device, and the like may be provided on
the same surface as the display portion of the housing. Fur-
thermore, an external connection terminal (an earphone ter-
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minal, a USB terminal, a terminal that can be connected to
various cables including an AC adapter and a USB cable, or
the like), a recording medium insertion portion, and the like
may be provided on the back surface or the side surface of the
housing. Further, the electronic book device illustrated in
FIG. 13A may have a function of an electronic dictionary.

The electronic book device illustrated in FIG. 13A may
transmit and receive data wirelessly. Through wireless com-
munication, desired book data or the like can be purchased
and downloaded from an electronic book server.

FIG. 13B illustrates an example of the digital photo frame.
For example, in the digital photo frame of FIG. 13B, a display
portion 1512 is incorporated in a housing 1511. Various
images can be displayed in the display portion 1512. For
example, the display portion 1512 can display data of an
image shot by a digital camera or the like to function as a
normal photo frame.

Note that the digital photo frame illustrated in FIG. 13B
may be provided with an operation portion, an external con-
nection terminal (a USB terminal, a terminal that can be
connected to various cables such as a USB cable, or the like),
arecording medium insertion portion, and the like. Although
these components may be provided on the surface on which
the display portion is provided, it is preferable to provide
them on the side surface or the back surface for the design of
the digital photo frame. For example, a storage medium hav-
ing image data taken with a digital camera is inserted into the
storage medium inserting portion of the digital photo frame
and the image data is imported, whereby the imported image
data can be displayed on the display portion 1512.

Further, the digital photo frame illustrated in FIG. 13B may
transmit and receive data wirelessly. The structure may be
employed in which desired image data is transferred wire-
lessly to be displayed.

FIG. 13C illustrates an example of the television device. In
the television set, a display portion 1522 is incorporated in a
housing 1521. The display portion 1522 can display an image.
Further, the housing 1521 is supported by a stand 1523 here.
The display device described in Embodiment 5 or Embodi-
ment 6 can be applied to the display portion 1522.

The television device illustrated in FIG. 13C can be oper-
ated with an operation switch of the housing 1521 or a sepa-
rate remote controller. Channels and volume can be con-
trolled with an operation key of the remote controller so that
an image displayed in the display portion 1522 can be con-
trolled. Further, the remote controller may be provided with a
display portion for displaying data output from the remote
controller.

Note that the television device may be provided with a
receiver, a modem, and the like. With the use of the receiver,
general television broadcasting can be received. Moreover,
when the display device is connected to a communication
network with or without wires via the modem, one-way (from
a sender to a receiver) or two-way (between a sender and a
receiver or between receivers) information communication
can be performed.

FIG. 13D illustrates an example of the mobile phone. The
mobile phone is provided with a display portion 1532 incor-
porated in a housing 1531, an operation button 1533, an
operation button 1537, an external connection port 1534, a
speaker 1535, a microphone 1536, and the like. Any of the
display devices described in Embodiments 5 and 6 can be
applied to the display portion 1532.

The display portion 1532 of the mobile phone illustrated in
FIG. 13D is a touch panel. When the display portion 1532 is
touched with a finger or the like, contents displayed in the
display portion 1532 can be controlled. Further, operations
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such as making calls and composing mails can be performed
by touching the display portion 1532 with a finger or the like.

There are mainly three screen modes for the display por-
tion 1532. The first mode is a display mode mainly for dis-
playing images. The second mode is an input mode mainly for
inputting data such as text. The third mode is a display-and-
input mode in which two modes of the display mode and the
input mode are combined.

For example, in the case where a call is made or a mail is
composed, a text input mode mainly for inputting text is
selected for the display portion 1532 so that characters dis-
played on a screen can be input. In that case, it is preferable to
display a keyboard or number buttons on a large area of the
screen of the display portion 1532.

When a detection device including a sensor for detecting
inclination, such as a gyroscope or an acceleration sensor, is
provided inside the mobile phone, the mode (or display data)
of'the display portion 1532 can be automatically switched by
determining the orientation of the mobile phone (whether the
mobile phone is placed horizontally or vertically).

The screen modes are switched by touching the display
portion 1532 or using the operation button 1537 of the hous-
ing 1531. Alternatively, the screen modes can be switched
depending on kinds of images displayed in the display portion
1532. For example, when a signal of an image displayed in the
display portion is moving image data, the screen mode can be
switched to the display mode. When the signal is text data, the
screen mode can be switched to the input mode.

Further, in the input mode, when input by touching the
display portion 1532 is not performed for a certain period of
time while a signal detected by an optical sensor in the display
portion 1532 is detected, the screen mode may be controlled
s0 as to be switched from the input mode to the display mode.

The display portion 1532 can also function as an image
sensor. For example, an image of a palm print, a fingerprint, or
the like is taken by an image sensor when the display portion
1532 is touched with a palm or a finger, whereby personal
authentication can be performed. Further, by providing a
backlight or a sensing light source which emits near-infrared
light in the display portion, an image of a finger vein, a palm
vein, or the like can be taken.

This embodiment can be implemented in appropriate com-
bination with any of the structures described in the other
embodiments.

Embodiment 8

In this embodiment, one mode of a photoelectric conver-
sion device is described. In the photoelectric conversion
device described in this embodiment, the microcrystalline
semiconductor film having high crystallinity which is formed
by any of the methods described in Embodiments 1 to 3 is
applicable to a semiconductor film effective in photoelectric
conversion, a semiconductor film having a conductivity type,
or the like, and is preferably applied to a semiconductor film
effective in photoelectric conversion in particular.

By employing the structure as described above, resistance
(series resistance) caused by the semiconductor film effective
in photoelectric conversion or the semiconductor film having
a conductivity type can be reduced, resulting in improvement
of properties of the photoelectric conversion device. With
reference to FIGS. 14A to 14D and FIG. 15, one mode of a
method for manufacturing a photoelectric conversion device
will now be described.

As illustrated in FIG. 14A, a first electrode 302 is formed
over a substrate 300.
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As the substrate 300, any of a variety of glass substrates
used in the electronics industry, such as a substrate of alumi-
nosilicate glass, a barium borosilicate glass, aluminoborosili-
cate glass, or the like is typically used. Alternatively, a quartz
substrate, a sapphire substrate, or the like can be used. Further
alternatively, a substrate containing an organic material can
be used. As the substrate containing the organic material, it is
preferable to use a substrate containing a thermosetting resin
such an epoxy resin, unsaturated polyester resin, a polyimide
resin, a bismaleimide-triazine resin, or a cyanate resin, or a
substrate containing a thermoplastic resin such as a polyphe-
nylene oxide resin, a polyetherimide resin, or a fluorine resin.

Note that a surface of the substrate 300 may have a texture
structure which is capable of improving the photoelectric
conversion efficiency.

In this embodiment, since light enters from the back side
(the lower part in the drawing) of the substrate 300, a light-
transmitting substrate is used. However, the present invention
is not limited thereto in the case where light enters from the
second electrode side (the upper part in the drawing); in this
case, a semiconductor substrate containing a material such as
silicon or a conductive substrate containing a metal material
or the like may be used.

For the first electrode 302, an electrode using a light-trans-
mitting conductive material is typically used. Examples of
light-transmitting conductive materials include oxides (metal
oxides) such as In—Sn—Zn—0O-based oxide, In—Al—
Zn—0O-based oxide, Sn—Ga—Zn—O-based oxide,
Al—Ga—Zn—0O-based oxide, Sn—Al—Zn—O-based
oxide, In—Zn—O-based oxide, Sn—Zn—0O-based oxide,
Al—7n—0-based oxide, In—O-based oxide, Sn—O-based
oxide, and Zn—O-based oxide. In particular, it is preferable
to use indium oxide, an indium oxide-tin alloy (ITO), zinc
oxide, an indium oxide-zinc oxide alloy, or the like. Alterna-
tively, a Zn—O—Al—N-based material can be used. Further,
the light-transmitting conductive material is not limited to an
inorganic material, and may be an organic material. As an
organic material, it is possible to use a material such as polya-
niline, polypyrrole, polythiophene, or a derivative thereof (a
conductive high molecular material). The first electrode 302
is formed by a sputtering method, a CVD method, a vacuum
evaporation method, a coating method, a printing method, or
the like.

The first electrode 302 is formed to a thickness of 10 nm to
500 nm, preferably 50 nm to 100 nm. The sheet resistance of
the first electrode 302 is set to about 20 Q/sq. to 200 ©/sq.

Note that in this embodiment, since light enters from the
back side (the lower part in the drawing) of the substrate 300,
the first electrode 302 is formed using a light-transmitting
conductive material. However, the present invention is not
limited thereto in the case where light enters from the second
electrode side (the upper part in the drawing). In such a case,
the first electrode 302 can be formed using a conductive
material that does not have a light-transmitting property such
as aluminum, platinum, gold, silver, copper, titanium, tanta-
lum, or tungsten. In particular, when a material that easily
reflects light, such as aluminum, silver, titanium, or tantalum,
is used, photoelectric conversion efficiency can be suffi-
ciently improved.

Like the surface of the substrate 300, a surface of the first
electrode 302 may have a texture structure. Further, an aux-
iliary electrode formed using a low-resistant conductive
material may be separately formed so as to be in contact with
the first electrode 302.

Next, as illustrated in FIG. 14B, a semiconductor film 304
having a first conductivity type is formed over the first elec-
trode 302, a semiconductor film 306 effective in photoelectric
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conversion is formed over the semiconductor film 304 having
the first conductivity type, and a semiconductor film 308
having a second conductivity type is formed over the semi-
conductor film 306 effective in photoelectric conversion.

The semiconductor film 304 having the first conductivity
type is typically formed using a semiconductor film contain-
ing a semiconductor material to which an impurity element
imparting a conductivity type is added. Silicon is suitable for
the semiconductor material, considering productivity, a price,
or the like. When silicon is used as the semiconductor mate-
rial, phosphorus or arsenic, which imparts n-type conductiv-
ity, aluminum or boron, which imparts p-type conductivity, or
the like is used as the impurity element imparting a conduc-
tivity type.

In this embodiment, since light enters from the back side
(the lower part in the drawing) of the substrate 300, the
conductivity type (first conductivity type) of the semiconduc-
tor film 304 having the first conductivity type is preferably a
p-type. This is because, for instance, the diffusion length of
holes is short as a result of the lifetime of a hole which is as
short as half that of an electron, and because more electrons
and holes are formed on the side where light enters in the
semiconductor film effective in photoelectric conversion. By
applying a p-type to the first conductivity type, a current can
be extracted before holes are annihilated, whereby a decrease
of photoelectric conversion efficiency can be suppressed.
Note that when there is no possibility of the above problems,
for example, when the semiconductor film effective in pho-
toelectric conversion is sufficiently thin, the first conductivity
type may be an n-type.

Although there is no limitation on the crystallinity of the
semiconductor film 304 having the first conductivity type, the
microcrystalline semiconductor film having high crystallinity
which is formed by any of the methods described in Embodi-
ments 1 to 3 is preferably used as the semiconductor film 304.
This is because in this case, as compared with use of a con-
ventional microcrystalline semiconductor film, it is possible
to reduce series resistance and to suppress optical and elec-
trical loss at the interface between the semiconductor film 304
having the first conductivity type and another film. It is need-
less to say that other semiconductors such as an amorphous
semiconductor, a polycrystalline semiconductor, and a single
crystal semiconductor can also be used.

Like the surface of the substrate 300, a surface of the
semiconductor film 304 having the first conductivity type
may have a texture structure.

The semiconductor film 304 having the first conductivity
type can be formed using a deposition gas containing silicon
and diborane by a plasma CVD method. Further, the semi-
conductor film 304 having the first conductivity type is
formed to a thickness of 1 nm to 100 nm, preferably 5 nm to
50 nm.

Alternatively, the semiconductor film 304 having the first
conductivity type may be formed in a manner such that a
silicon film to which an impurity element imparting a con-
ductivity type is not added is formed by a plasma CVD
method or the like, followed by addition of boron by an ion
implantation method or the like.

The semiconductor film 306 effective in photoelectric con-
version is formed. As the semiconductor film effective in
photoelectric conversion, silicon, silicon germanium, or the
like is used as a semiconductor material.

Here, as a method of forming the semiconductor film 306
effective in photoelectric conversion, the process for forming
the microcrystalline semiconductor film described in
Embodiments 1 to 3 is used. By applying the microcrystalline
semiconductor film described in Embodiments 1 to 3 to the
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semiconductor film 306 effective in photoelectric conversion,
optical and electrical loss at the interface between the semi-
conductor film 304 and another film can be suppressed as
compared with the use of the conventional microcrystalline
semiconductor film.

Because the semiconductor film 306 effective in photo-
electric conversion needs to realize sufficient light absorp-
tion, it preferably has a thickness of about 100 nm to 10 pm.

In this embodiment, the second conductivity type is an
n-type. The semiconductor film 308 having the second con-
ductivity type can be formed using a material such as silicon
to which phosphorus is added as an impurity element impart-
ing a conductivity type. Semiconductor materials that can be
used for the semiconductor film 308 having the second con-
ductivity type are the same as those for the semiconductor
film 304 having the first conductivity type.

The semiconductor film 308 having the second conductiv-
ity type can be formed like the semiconductor film 304 having
the first conductivity type. For instance, the semiconductor
film 308 can be formed using a deposition gas containing
silicon and phosphine by a plasma CVD method. Also as the
semiconductor film 308 having the second conductivity type,
it is preferable to use the microcrystalline semiconductor film
having high crystallinity which is formed by any of the meth-
ods described in Embodiments 1 to 3.

In this embodiment, since light enters from the back side
(the lower part in the drawing) of the substrate 300, the
conductivity type (second conductivity type) of the semicon-
ductor film 308 having the second conductivity type is pref-
erably an n-type, but an embodiment of the present invention
is not limited thereto. When the first conductivity type is an
n-type, the second conductivity type is a p-type.

Through the above process, a unit cell 310 which has the
semiconductor film 304 having the first conductivity type, the
semiconductor film 306 effective in photoelectric conversion,
and the semiconductor film 308 having the second conduc-
tivity type is completed.

In order to form a plurality of unit cells over one substrate,
openings C, to C,, penetrating through the unit cell 310 and
the first electrode 302 are formed by a laser processing
method. By this step, the first electrode 302 is divided into
first electrodes T, to T,,. Further, the unit cell 310 is divided
into unit cells K, to K, (see FIG. 14C).

The openings C,, C,, C,, . . ., C,_,, C, are openings for
insulation. The openings C,,C;, Cs, ..., C,,_, areopenings for
forming connection between the first electrode 302 and a
second electrode formed later. By performing laser process-
ing with the first electrode 302 and the unit cell 310 stacked,
separation of the first electrode 302 from the substrate 300 can
be prevented in the processing.

Next, insulating resin layers Z, to Z,, for filling the open-
ings C,, C,,C,, ..., C, 5, C, and covering upper end portions
of these openings are formed (see FIG. 14D). The insulating
resin layers Z, to Z, may be formed using a resin material
having an insulating property such as an acrylic-based resin,
a phenol-based resin, an epoxy-based resin, or a polyimide-
based resin by a screen printing method. For example, an
insulating resin pattern is formed by a screen printing method
so that the openings C,, C,,C,, ..., C,_,, C, are filled with a
resin composition in which cyclohexane, isophorone, high
resistance carbon black, aerosil, a dispersing agent, a defoam-
ing agent, and a leveling agent are mixed with a phenoxy
resin. After the insulating resin pattern is formed, thermal
hardening is performed in an oven at 160° C. for 20 minutes.
Thus, the insulating resin layers Z,, to Z,, are obtained.

Next, the second electrodes E to E, are formed (see FIG.
15). The second electrodes E, to E,, are formed using a con-
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ductive material such as metal. They can be formed using a
material that easily reflects light, such as aluminum, silver,
titanium, or tantalum, for instance. It is preferable to use a
material that easily reflects light to form the second electrodes
E, to E,, because in this case light that has not been absorbed
by the semiconductor film effective in photoelectric conver-
sion can again enter the semiconductor film effective in pho-
toelectric conversion, resulting in improvement of photoelec-
tric conversion efficiency.

As a method for forming the second electrodes E, to E,,
there are a sputtering method, a vacuum evaporation method,
a CVD method, a coating method, a printing method, and the
like. The second electrodes E, to E, are formed to a thickness
of 10 nm to 500 nm, preferably 50 nm to 100 nm.

In this embodiment, since light enters from the back side
(the lower part in the drawing) of the substrate 300, the second
electrodes E, to E,, are formed using a material that has no
light-transmitting property, but the structure of the second
electrodes E, to E,, is not limited thereto. For example, when
light enters from the second electrodes E, to E, side (the
upper part in the drawing), the second electrodes E, to E, can
be formed using any of the light-transmitting conductive
materials for the first electrode 302.

The second electrodes E, to E,, are formed so as to be
connected to the first electrodes T, to T,, in the openings C,,
C;, Cs, . .., C, ;. In other words, the openings C,, Cj,
Cs,...,C, are filled with the second electrodes E, to E,,. In
this way, for example, the second electrode E, is electrically
connected to the first electrode T,, and the second electrode
E,,_, is electrically connected to first electrode T,,. Thus, each
of the second electrodes can be electrically connected to the
first electrode adjacent to the corresponding second elec-
trode, and the unit cells K, to K,, are electrically connected in
series.

Further, an auxiliary electrode formed using a low-resistant
conductive material may be formed so as to be in contact with
the second electrodes E, to E,.

A sealingresin layer 312 is formed using an epoxy resin, an
acrylic resin, or a silicone resin. In the sealing resin layer 312,
an opening portion 314 and an opening portion 316 are
respectively formed over the second electrode E, and the
second electrode E,. The second electrodes E, and E, are
connected respectively through the opening portions 314 and
316 to external wirings.

Thus, a unit cell U,, including the first electrode T,,, the unit
cell K,, and the second electrode E,, is formed over the sub-
strate 300. Further, the first electrode T, is connected to the
adjacent second electrode E,,_; adjacent to the corresponding
second electrode in the opening C, ;. Accordingly, the pho-
toelectric conversion device in which n unit cells are con-
nected in series can be manufactured. The second electrode
E, serves as an output electrode for the first electrode T, in the
unit cell U;.

By the above method, it is possible to manufacture a pho-
toelectric conversion device in which a microcrystalline
semiconductor film having high crystallinity is used as any of
a semiconductor film effective in photoelectric conversion, a
semiconductor film having a first conductivity type, or a
semiconductor film having a second conductivity type. This
can enhance the photoelectric conversion efficiency of a pho-
toelectric conversion device. Note that, as long as the micro-
crystalline semiconductor film having high crystallinity may
be used as any of the semiconductor film effective in photo-
electric conversion, the semiconductor film having the first
conductivity type, or the semiconductor film having the sec-
ond conductivity type, the film to which the microcrystalline
semiconductor film is applied can be changed as appropriate.
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Further, when a microcrystalline semiconductor film in
which the number and size of gaps between crystal grains are
extremely small and the crystallinity is high is used as more
than one of the above semiconductor films, a greater effect
can be achieved.

Note that although a photoelectric conversion device hav-
ing one unit cell is described in this embodiment, a photo-
electric conversion device in which two or more unit cells are
stacked as appropriate can be provided.

This embodiment can be implemented in appropriate com-
bination with the other embodiments.

Embodiment 9

FIG. 16 illustrates an example of a solar photovoltaic sys-
tem in which a photoelectric conversion device 501 described
in embodiment 8 is used. In a charge control circuit 500, a
storage battery 502 is charged using electric power supplied
from one or a plurality of photoelectric conversion devices
501. Further, in the case where the storage battery 502 is
sufficiently charged, electric power supplied from the photo-
electric conversion device 501 is directly output to a load 504.

When an electric double layer capacitor is used as the
storage battery 502, chemical reaction is not necessary for
charging; thus, the storage battery 502 can be charged rapidly.
Further, lifetime can be increased about 8-fold and charging
and discharging efficiency can be increased about 1.5-fold,
compared with those of a lead storage battery or the like
which uses chemical reaction. The solar photovoltaic system
described in this embodiment can be used in a variety of loads
504 which use electric power, such as lighting or an electronic
device.

This embodiment can be implemented in combination with
any of the other embodiments, as appropriate.

This application is based on Japanese Patent Application
serial no. 2009-194870 filed with Japan Patent Office on Aug.
25,2009, the entire contents of which are hereby incorporated
by reference.

What is claimed is:

1. A plasma CVD apparatus comprising,

a first electrode provided with a plurality of depressed
openings, each depressed opening provided between
projected portions of the first electrode and supplied
with power; and

a second electrode opposite to the first electrode for placing
a substrate and grounded,

wherein glow discharge plasma is generated between the
first electrode and the second electrode by being sup-
plied with the power,

wherein a gas supply port having a hollow opening is
provided in each valley portion of the plurality of
depressed openings, and

wherein the plurality of depressed openings each have a
tapered shape and are chamfered or roundly chamfered.

2. The plasma CVD apparatus according to claim 1,
wherein the power supplied for the first electrode is high-
frequency power.

3. The plasma CVD apparatus according to claim 1,
wherein the power supplied for the first electrode is high-
frequency power of 60 MHz or less.

4. The plasma CVD apparatus according to claim 1,
wherein the glow discharge plasma has high electron density.

5. The plasma CVD apparatus according to claim 1,
wherein a distance between the first electrode and the second
electrode is greater than or equal to 4 mm and less than or
equal to 16 mm.
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6. The plasma CVD apparatus according to claim 1,
wherein a heater is provided in the second electrode.

7. A plasma CVD apparatus comprising,

a first electrode provided with a plurality of depressed
openings, each depressed opening provided between
projected portions of the first electrode and supplied
with power; and

asecond electrode opposite to the first electrode for placing
a substrate and grounded,

wherein glow discharge plasma is generated between the
first electrode and the second electrode by being sup-
plied with the power,

wherein a gas supply port having a hollow opening is
provided in each of the projected portions, and

wherein the plurality of depressed openings each have a
tapered shape and are chamfered or roundly chamfered.

8. The plasma CVD apparatus according to claim 7,
wherein the power supplied for the first electrode is high-
frequency power.

9. The plasma CVD apparatus according to claim 7,
wherein the power supplied for the first electrode is high-
frequency power of 60 MHz or less.

10. The plasma CVD apparatus according to claim 7,
wherein the glow discharge plasma has high electron density.

11. The plasma CVD apparatus according to claim 7,
wherein a distance between the first electrode and the second
electrode is greater than or equal to 4 mm and less than or
equal to 16 mm.

12. The plasma CVD apparatus according to claim 7,
wherein a heater is provided in the second electrode.

13. A method for manufacturing a microcrystalline semi-
conductor film comprising the steps of:

introducing a reactive gas into a reaction chamber through
a gas supply port of a first electrode;

setting a pressure of the reaction chamber to greater than or
equal to 450 Pa and less than or equal to 13332 Pa;

forming a plasma region between the first electrode and a
second electrode by supplying power to the first elec-
trode;

forming crystalline deposition precursors having crystal-
linity in a gas phase including the plasma region;
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forming a crystal nucleus of greater than or equal to 5 nm
and less than or equal to 15 nm by depositing the depo-
sition precursors over a substrate; and

forming the microcrystalline semiconductor film by grow-

ing a crystal from the crystal nucleus,

wherein the first electrode has a common plane opposite to

the second electrode and is provided with a plurality of
depressed openings, and

wherein a distance between the first electrode and the sec-

ond electrode is greater than or equal to 4 mm and less
than or equal to 16 mm.

14. The method according to claim 13, wherein the power
supplied for the first electrode is high-frequency power.

15. The method according to claim 13, wherein the power
supplied for the first electrode is high-frequency power of 60
MHz or less.

16. The method according to claim 13, wherein the plasma
region is high-density plasma region.

17. The method for manufacturing the microcrystalline
semiconductor film according to claim 13, wherein a rare gas
is included in the reactive gas.

18. The method for manufacturing the microcrystalline
semiconductor film according to claim 13, wherein the gas
supply port is provided on the plurality of depressed open-
ings.

19. The method for manufacturing the microcrystalline
semiconductor film according to claim 13, wherein the gas
supply port is provided on the common plane.

20. A method for manufacturing a thin film transistor com-
prising the steps of:

forming a gate electrode over the substrate;

forming a gate insulating film which covers the gate elec-

trode;

forming a microcrystalline semiconductor layer over the

gate insulating film, using the method for manufacturing
the microcrystalline semiconductor film according to
claim 13; and

forming a wiring electrically connected to the microcrys-

talline semiconductor film.
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